Study Design. The seat and back contact force, pressure distribution, lumbar lordosis, and low back muscle activities associated with a new seat design with adjustable ischial support and backrest were investigated using kinematic, kinetic, electromyographic, and radiographic measurements.
Low back pain (LBP) is acute or chronic pain involving the lumbosacral, buttock, and/or thigh. 1 Discogenic LBP is aggravated by the sitting position, which is necessary in many occupations and daily activities. About 100 million workdays are lost annually in the United States due to LBP. 2 Despite improved knowledge and health care resources for spinal pathology, chronic disability resulting from nonspecific LBP is rising exponentially. 3 Although the causes of discogenic LBP are multifactorial and complex, sitting postures could increase stresses within the disc and contribute to disc degeneration and pain. 4, 5 Two major occupational risk factors are static muscle load 1, 6 and flexed curvature of the lumbar spine; both are involved in seated work tasks. 1, 7, 8 During sitting, the head, arm and trunk weight is carried mainly by the ischial tuberosities and surrounding tissues. 9 High pressure at the tuberosities is closely associated with high load to the spine. 10 Marras et al 11 reported that a significant mechanical spine loading is associated with LBP resulting from trunk muscle coactivation. Ischial and lower back interface pressure vary with different sitting postures 12, 13, 14 and body positioning. 12, 13, 15, 16, 17 Koo et al 18 reported that repositioning of the lumbar support to redistribute the interface pressure and load is essential in preventing LBP associated with inappropriate sitting in a working environment. Therefore, a device that decreases the sitting pressure and load carried by the ischial tuberosity may decrease forces within the disc and associated degeneration and pain.
Physiologic lumbar lordosis in the standing position ranges from 40°to 60°, 19, 20, 21, 22, 23, 24, 25, 26, 27 with the lordosis occurring mainly at S1-L5 and L4 -L5, and with the sacral inclination ranging from 30°to 40°. 19, 23, 28 Compared to standing or lying supine, sitting could cause the pelvis to rotate posteriorly, resulting in decreased sacral inclination and lumbar lordosis 19, 26, 29 and increased forces at the discs. 26, 30, 31 A number of investigators have reported interaction between LBP and biomechanical changes such as decreased lumbar lordosis, 4 ,32 malalignment of lumbar curvature, 5, 23, 24, 33 and narrowing of disc spaces. 34 Williams et al 5 reported that use of a lumbar roll that increased lumbar lordosis re-duced LBP, and the chair backrest also helps increase the lumbar lordosis and decrease intradiscal pressure. 19, 30, 31 Numerous chairs or cushions have been developed to reduce or redistribute the sitting pressure on the ischial tuberosities using custom-fit seat pans. 35, 36, 37, 38 Others chairs are designed to maintain lumbar lordosis by adjusting back support 19, 39 or using a forward tilted seat. 19, 40 However, few chairs use adjustable mechanisms for both ischial release and lumbar support.
The purpose of this study was to investigate the biomechanical effects of tilting down the back part of seat (BPS) and adjusting the backrest. The hypotheses were the following: 1) when the BPS is tilted down, load on the ischial tubercles will be reduced and shifted to the thighs, and low back muscle activity will be reduced; and 2) an increase in lumbar lordosis, forward rotation of the sacrum, and larger disc height will be observed when the BPS is tilted downward in combination with a properly adjusted back support.
Methods

Subjects.
Fifteen office workers (eight female and seven male, 30.4 Ϯ 7.1 years old (mean Ϯ SD), 60.1 Ϯ 19.3 kg in weight, 169.1 Ϯ 8.2 cm in height) with no prior history of LBP were tested. The study was approved by the Institutional Review Board. All subjects gave informed consent before the experiment.
Chair.
A ϫ 2 (Back Stretch Technology, Stockholm, Sweden) chair was used in the study. The front part of seat (FPS) is fixed, and the BPS can be tilted upward or downward within ϭ Ϯ 18° (Figure 1) . The shape and height of the back support can be adjusted using an inflatable cushion built into the lower backrest to fit to the shape of the lower spine. The seat height and depth can also be adjusted. A local coordinate system was defined for each part of the chair (legs, seat and backrest) with the X-axis, Y-axis, and Z-axis pointing to the anterior, left, and superior directions, respectively ( Figure 1 ). The origins for the legs and seat coordinate systems were defined by the intersection of the chair legs on the floor and seat, respectively ( Figure  1 ). The origin of the backrest coordinate system was defined as the center of the upper surface of the backrest.
Sitting Conditions.
The following sitting conditions were tested in this study:
• Upright with backrest: the subject sat upright with the backrest accommodated to the natural curve of subject's lower spine, which kept the lower spine from sliding down • Upright without backrest: sitting upright without using the backrest • Relaxed: sitting relaxed with the trunk leaning backward against the backrest. The backrest supported the spine and shoulders • Working: sitting with trunk leaning forward, using a desk as the armrest, with the elbow relaxed at approximately 90°fl exion and wrists in a natural position
In order to calculate the center of force (CF) on the legs (CF L ) and on the seat (CF S ) of the chair under different sitting conditions, the chair was instrumented with strain gauges (Figure 1) . Three pairs of strain gauges were mounted on three beams supporting the legs of the chair (Figure 1 ). Another four pairs of strain gauges were mounted under the FPS (Figure 1 ). The load measured under the FPS corresponded to the total load on the seat since the BPS was connected only to the FPS. The strain gauges were calibrated, and the experimental data were then transformed to forces using the calibration data. The Figure 1 . The seat of the chair consists of two parts, i.e., the front part of the seat (FPS), which is fixed, and the back part of the seat (BPS), which can be tilted downward or upward by ϭ Ϯ 18°. The shape of the low back support can be adjusted for the individual subject using an inflatable air-filled cushion built into the lower backrest. The chair is equipped with three pairs of strain gauges on the chair legs and four pairs on the FPS, six-axis force sensors (JR3) mounted behind the backrest, and a pressure-mapping device (Xsensor) with two mapping pads on the seat and back support. Positions of the BPS, FPS, and back support were recorded using six active markers mounted on the BPS, FPS, and back support of the chair. The local coordinate systems of the legs, seat, and backrest are shown with the following axes: the X-axis points anteriorly and passes through the intersection of the legs, the Y-axis points to the left and perpendicular to the Xaxis, and the Z-axis points superiorly.
CF was separately calculated in the X and Y directions of the legs and seat coordinate systems, respectively, by finding an axis parallel to the X-axis or Y-axis where the total moment about the axis was zero. For example, the CF S in X S direction was calculated by finding an axis parallel to the Y S -axis where the total moment about this axis was zero (⌺M Y ϭ 0).
A pressure-mapping device (Xsensor Pressure Mapping System, Calgary, Canada) with two mapping pads each with 36 ϫ 36 cells was used to measure the pressure distribution on the seat and backrest. The total contact pressure area (TCA), peak contact pressure (PP), and center of pressure (COP) were calculated from the measured pressure distribution.
The backrest was mounted on a frame through a six-axis force sensor (JR3, Woodland, CA), which measured the forces and moments exerted on the backrest. Data from the six-axis force sensor were low-pass filtered and transformed to the backrest local coordinate system.
Positions of the BPS, FPS and backrest under different sitting conditions were recorded using a motion capturing system (Optotrak 3020; Northern Digital, Waterloo, Canada) with six active markers mounted on the FPS, BPS, and backrest of the chair (two markers on each segment) ( Figure 1 ).
EMG activity in the back muscles was monitored by bipolar surface electrodes (Delsys, Boston, MA) with a built-in preamplifier (gain ϭ 1000). The electrodes were placed 3 cm on the left (L) and right (R) sides of the spinous processes at L2 (L and R), L4 (L and R), T5 (R), and T12 (R) on the erector spinae along the muscle fiber orientation. A reference electrode was placed at the spinous process of C7. The EMG data were normalized to those under maximum voluntary contraction (MVC) when the subjects were asked to exert maximum lifting effort (using their back) in a deep squat position. A 2-minute rest period was used between the MVC trials.
Protocol. Subject sat on the chair seat with the BPS at the level position ( ϭ 0°). The height and shape of the backrest were adjusted with the tip of the backrest located at L2-L4 of the lumbar vertebra. The seat depth was adjusted to make the seat pan short enough for knee clearance and the ischia located at the middle BPS. The thighs were approximately parallel to the floor, with the feet resting on a footrest.
Loads on the legs, seat, and backrest; interface pressure on the seat and backrest; chair position and tilting angle of the BPS; and EMG signals were recorded for the following conditions during 30-second long trials: 1) with ischial support: BPS at the level position ( ϭ 0°), and 2) without ischial support: BPS tilted down to ϭ 18°at about 5 seconds after the start of a trial. Three trials were recorded for each sitting condition.
Two sets of lateral sagittal plane radiographs of the lower spine, thigh, and pelvis were taken subsequently for both standing and sitting postures. The sitting postures included the upright with backrest sitting condition under the following four combinations of the backrest and ischial support: with partially or fully fitted backrest to the lower spine by inflating the cushion to approximately 30% and 100% of its capacity, respectively, and under each of these two conditions testing with or without ischial support.
The radiographic images of the lower spine, thigh, and pelvis were used to locate several bony landmarks and calculate the sacral inclination (␣), lumbar lordosis, and disc height. The value ␣ was defined as the angle between the superior endplate of the S1 vertebra and the horizontal plane of the film, which was parallel to the floor ( Figure 2 ). Lumbar lordosis was measured using the Cobb method ( Figure 2 ). 41 Total lumbar lordosis (S1-L1) was the angle between a line through endplate of the first lumbar vertebra (L1) and a line through the superior endplate of S1, and segmental lordotic measurements were made similarly from L2 to S1, L3 to S1, L4 to S1, and L5 to S1. Disc heights of S1-L5, L4 -L5, L3-L4, L2-L3, and L1-L2 were obtained from the average of dorsal and ventral disc height using the Dabbs method. 42 Figure 2. Representative sacral inclination (␣) and total and segmental lumbar lordosis from one subject for sitting upright with fully fitted backrest with the back part of the seat (BPS) at level ϭ 0°(A) and tilted down ( ϭ 18°) (B), and at the standing (C) postures. The ␣ was the angle between the superior endplate of the S1 vertebra and the horizontal plane of the film that was parallel to the floor; The total (S1-L1) and segmental lumbar lordosis was measured using the Cobb method, i.e., the angle between a line from endplate of the first lumbar vertebra (L1) and a line through the superior endplate of S1, and in similar fashion from L2 to S1, L3 to S1, L4 to S1, and L5 to S1.
Statistical Analysis. Data collected were compared between sitting with the BPS at level ( ϭ 0°) and downward tilting position ( ϭ 18°). Using the SAS statistical software package (SAS Institute, Cary, NC), the paired t test was used to test for statistical differences in TCA, PP, COP, CF S , CF L , backrest load, EMG activity, sacral inclination, lumbar lordosis, and lumbar disc heights induced by tilting down the BPS. The significance level was set at 0.05.
Results
The CF L and CF S were significantly (P Ͻ 0.001) shifted anteriorly (X L , X S ) toward the thighs for all sitting conditions when the BPS was tilted down to ϭ 18°( Figure  3 ). The highest anterior shift was found in the upright with backrest sitting condition for both CF L (12.04 Ϯ 4.36 cm) and CF S (5.66 Ϯ 1.41 cm). The right-left shift (Y L , Y S ) of CF L and CF S was found to be less than 0.48 cm (P Ͼ 0.240).
One typical result of the pressure distribution on the seat and backrest of the chair for the upright with backrest sitting condition is given in Figure 4 , with ischial support when the BPS was at level ϭ 0°position (left column) and without ischial support when the BPS was tilted down to ϭ 18°(right column). The first row shows the interface pressure distribution on the backrest in a frontal plane with the right-left axis (Y b -axis) and inferior-superior axis (Z b -axis). The second row shows the pressure distribution on the seat in a plane parallel to the floor with the posterior-anterior axis (X S -axis) and right-left axis (Y S -axis). When the BPS was tilted down, contact pressure on the seat pan distributed in a smaller area with a lower PP, and the pressure was shifted toward the thighs. Contact pressure on the backrest distributed in a larger area with a higher PP. For all subjects under the upright with backrest and relaxed conditions, the pressure distribution showed the same trend when the BPS was titled down ϭ 18°.
When the BPS was tilted down, the TCA was significantly (P Ͻ 0.001) decreased on the seat pan, and the largest change was observed for the upright with backrest position (-9.09 Ϯ 4.99%). At the same time, TCA on the backrest was significantly (P Ͻ 0.001) increased by 29.96 Ϯ 16.19% and 36.65 Ϯ 20.57% for the upright with backrest and relaxed conditions, respectively ( Table 1) .
The peak of contact pressure on the seat pan was decreased significantly by 22.98 Ϯ 19.00% (P ϭ 0.001) and 19.22 Ϯ 22.95% (P ϭ 0.010) for the upright with backrest and upright without backrest conditions, respectively. The PP on the backrest was significantly (P Ͻ 0.001) increased 73.93 Ϯ 60.67% and 112.78 Ϯ 56.26% for the upright with backrest and relaxed conditions, respectively (Table 1) .
Similar to the CF S (Figure 3) , the COP on the seat pan was significantly (P Ͻ 0.002) shifted anteriorly towards the thighs by 5.84 Ϯ 4.20 cm, 7.66 Ϯ 5.74 cm, 8.61 Ϯ 4.79 cm, and 6.34 Ϯ 5.27 cm for the upright with backrest, relaxed, upright without backrest, and working conditions, respectively (Table 1) .
For all subjects, total load (F tot ) on the backrest showed a significant (P Ͻ 0.001) increase by 112.33 Ϯ rection (F Zb ) was changed by Ϫ3.68 Ϯ 11.14 N (P ϭ 0.138) and 8.08 Ϯ 13.37 N (P ϭ 0.030) for the upright with backrest and relaxed conditions, respectively. As the BPS was tilted down, the EMG activity for sitting upright with backrest was significantly (P Ͻ 0.049) decreased at all levels except at the T8 (R) level (Table 2 ). For sitting upright without backrest, the EMG activity was significantly (P Ͻ 0.012) decreased at all levels except at the T5 (R) level. Under the relaxed sitting condition, the EMG activity was significantly (P Ͻ 0.03) decreased at the L2 (L) and L4 (L). As for the working condition, it was significantly (P Ͻ 0.045) decreased at L2 (R), L4 (L and R), and T8 (R).
When the BPS was tilted down ( ϭ 18°), the sacrum was rotated forward, as indicated by increasing ␣ from 14.14 Ϯ 10.84°to 24.95 Ϯ 9.50°(P Ͻ 0.001) and from 14.04 Ϯ 11.30°to 20.95 Ϯ 11.22°(P ϭ 0.001) for backrest fitted fully and backrest fitted partially, respectively (Table 3, Figure 2 ).
The S1-L1, S1-L2, S1-L3, S1-L4, and S1-L5 were significantly (P Ͻ 0.042) increased by tilting down the BPS (Table 3 ). The total lumbar angle was changed from 24.53 Ϯ 21.31°to 32.63 Ϯ 22.25°(P ϭ 0.010) and from 38.94 Ϯ 14.61°to 47.86 Ϯ 11.89°(P ϭ 0.008) for the partially and fully fitted backrest sitting conditions, respectively.
All the measured disc heights, S1-L5, L4 -L5, L3-L4, L2-L3, and L1-L2, were significantly (P Ͻ 0.011) increased by lowering the BPS (Table 4 ). The lumbar vertebra heights (mm) of the L1, L2, L3, L4, and L5 are also given for both ventral and dorsal sides. EMG signals recorded at the left (L) and right (R) sides of the spinous processes at L2 (L&R), L4 (L&R), T5 (R), and T12 (R) levels on the erector spinae. A negative value indicates a decrease of EMG activity. The significant level (P) is given for the difference between sitting with and without ischial support.
Discussion
This study investigated quantitatively the biomechanical effects induced by adjusting ischial and back supports, including the contact pressure distributions, reactive forces between the buttock-thighs and seat and between the back and backrest, muscular activity in back muscles, sacral inclination, lumbar lordosis, and intervertebral space of the lumbar spine. It was found that sitting with this lowered BPS and adjusted backrest distributed contact pressure more evenly, significantly reduced peak pressure under ischia, reduced muscular activity, rotated the sacrum forward, increased total and segmental lumbar lordosis, and increased lumbar intervertebral disc height. When the BPS was tilted downward by ϭ 18°and the backrest was utilized, F tot exerted on the backrest was significantly (P Ͻ 0.001) increased. The PP on the backrest was significantly increased, and it was significantly decreased on the seat; the largest change was found for the upright with backrest condition. The COP and CF S were significantly shifted anteriorly to the thighs Sacral Inclination (␣), Total (S1-L1) and Segmental (S1-L2, S1-L3, S1-L4, S1-L5 The sitting posture tested was 'Upright with Backrest' under four different conditions: the backrest was partially or fully fitted to the lower spine, and under each condition the ischial support was either kept ( ϭ 0°) or relieved by lowering the back part of the seat ( ϭ 18°). The significant level (P) is given for the difference between sitting with and without ischial support. The sitting posture tested was Upright with Backrest under four different conditions: the backrest was partially or fully fitted to the lower spine, and under each condition the ischial support was either kept ( ϭ 0°) or relieved by lowering the back part of the seat ( ϭ 18°). The significant level (P) is given for the difference between the sitting with and without ischial support.
for all sitting conditions ( Figure 3 , Table 1 ). All of these measurements for load and pressure redistribution on the seat and backrest indicated that load on the ischial tubercles was significantly decreased and shifted to the thighs, while load on the back support was increased, mainly with the load component in the posteroanterior direction (F x ) to maintain lumbar lordosis. Using this new sitting concept made the thighs take up more load over a larger surface area, with less load on the ischial tubercles. Measurement of load and contact pressure redistribution are important in assessing tissue viability, as prolonged sitting can lead to pressure sore development, 43, 44 increased disc degeneration, and LBP. 4, 5 Repositioning of the lumbar support to redistribute the interface pressure and load is essential to prevent LBP. Furthermore, for patients who have limited mobility, body repositioning remains the only way to change their pressure distribution at the body-seat interface. 15 Muscle activity was decreased in most of the sitting conditions when the BPS was tilted down, especially in the lumbar region. Relieving the ischial support may have made the pelvis rotate forward and relaxed muscles in the lumbar region more than in the thoracic regions. Another reason may be different amounts of pressure on the lumbar and thoracic regions during EMG recording for sitting conditions using backrest, especially for the relaxed condition. Under the relaxed sitting condition, the body did not show any significant change in muscle activity at the thoracic regions.
The upright with backrest sitting condition was found to be more efficient to change the pelvis and lumbar structures when the BPS was tilted down. The results from load and contact pressure redistribution on the seat and backrest (Table 1, Figure 3 ) indicated that this sitting condition gave the best results to reduce load on the ischial tubercles and lower spine. Thus, this sitting condition upright with backrest was used to evaluate changes in the lumbar spine and pelvis structures with the backrest fitted partially or fully to the lower spine using radiographs.
Tilting down the BPS maintained sacral inclination approaching that of the standing posture ( Table 3 ). The total and segmental lumbar lordosis were also increased and resulted in an appearance in which the abdomen was particularly prominent and resembled closely that of the standing position (Table 3 ). The sacral inclination and lumbar lordosis results from other studies for sitting and standing are given in Table 5 . A comparison between these results and the results from the present study confirmed the similarity (Table 5) .
The benefit of lumbar lordosis was suggested in a postmortem study by Farfan et al, 45 who noted an association between decreased lumbar lordosis and increased disc degeneration at L5-S1, suggesting a protective effect for increased lumbar lordosis on the lumbosacral junction. Andersson et al 46 found lordosis to be inversely proportional to intradiscal pressure. Lumbar curvature affects disc pressure by changing the distribution of load between disc and apophyseal joints 47 and also by changing tension in the intervertebral ligaments. 48, 49, 50 The increased intradiscal pressure may also be the underlying factor for the association of decreased lordosis and LBP. In a study of osteoporotic patients by Itoi, 23 decreased lordosis was associated with increased LBP. Keegan, 4 in a study of the relation between lordosis and sitting, found the most important factor in LBP with prolonged sitting to be a decreased trunk-thigh angle with consequent flattening of the lumbar curve. Using a lumbar roll that increases lordosis has been found to decrease LBP. 5 With decreased lordosis, sitting pressure increases over the ischium and coccyx with resultant pain. 32 Others have also found distinct differences in lumbar lordosis when comparing LBP patients with healthy patients. 24, 51 All disc heights were significantly (P Ͻ 0.011) increased by lowering the BPS (Table 4 ). Extensive and consequent segmental lordosis may decrease intradiscal pressure. The effect of disc height on mechanical properties caused by compressive forces was investigated by Kimura et al, 25 who found that biomechanical axial stress for the intervertebral disc increased most at L4 -L5 due to the decreased disc height in upright posture. The highest incidence of lumbar disc diseases was generally found at L4 -L5. 52 The reason for the relatively high frequency of lumbar disc disease was connected to a relatively wide range of motion and high loads at L4 -L5 and L5-S1 with lumbar flexion and extension. 53 It has been reported that a backrest with a protruded part to support the lumbar spine would result in an increase of the lumbar lordosis and the load on the back. 19, 31 The present study supports such an observation. Furthermore, a much greater load reduction was observed in this study for proper lumbar support combined with the ischial tubercles load relief. However, the benefits of unloading the ischia were investigated during a short sitting time. The outcome needs to be evaluated for longer period of sitting with unsupported ischia with the concern that load shifted to the thighs may cause hip pain. Tilting the BPS down and up alternately is needed during prolonged sitting. Future study is needed to find the optimal tilting angle of the BPS and optimal period for tilting the BPS down and up during long periods of sitting.
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Key Points
• To reduce contact pressure and peak pressure under the ischia • To reduce muscular activity • To maintain total and segmental lumbar lordosis • To maintain sacral inclination • To prevent LBP associated with inappropriate prolonged sitting
The seat in the current design is 40 cm (medial-lateral) ϫ 25 cm (anterior-posterior) with a 15-cm addition of the ischial support. The authors planned to perform the study for an optimal tilt angle of the seat back part support (BPS) and sitting for long duration in this posture. A continuous and smooth alteration in the BPS will be desired. To make this type of design practical, it will be desirable to develop indicators of reduction in the lower lumbar loads such as an optimum anterior shift in center of pressure.
